failing human heart. The hypothesis of this study is that Ca influx via reverse mode Na / Ca exchanger (NCX) or via L-type Ca 21 channels directly activates contraction in failing human myocytes while in normal myocytes this Ca is transported into the sarcoplasmic 21 reticulum (SR) to regulate SR Ca stores. Methods: Myocytes were isolated from failing human (n56), nonfailing human (n53) and normal feline hearts (n59) and whole cell current and voltage clamp techniques were used to evoke and increase the duration of APs (0.5 and Ca transient durations in failing myocytes. The first beat after the prolonged AP was potentiated by 2165 and 2765% in nonfailing human and normal feline myocytes, respectively (P,0.05), but there was no significant effect in failing human myocytes (1564% vs. steady state). CPA blunted the potentiation of the first beat after AP prolongation in normal feline and nonfailing human myocytes, mimicking the failing phenotype. NIF reduced steady state contraction in feline myocytes but the potentiation of the first beat after AP prolongation was unaltered (2163% vs. base, P,0.05). KB-R reduced basal contractility and abolished the potentiation of the first beat 
. The purpose of present study was to define the time of transplantation. Nonfailing human hearts (n53 21 contributions of NCX mediated Ca fluxes during the hearts) were obtained in cases when the hearts could not be action potential (AP) to the alterations in contractility of used for transplantation for technical reasons. Myocytes the failing human ventricular myocyte.
were isolated as reported previously [30] . After isolation, 21 During each action potential (AP), Ca enters the cell myocytes were kept in Krebs-Henseleit buffer containing 21 21 via voltage-gated L-type Ca channels and induces SR 200 mM Ca and 2% bovine albumin. 21 21 Ca release by activating the SR Ca release channels 21 (ryanodine receptors) [9, 10] . The resulting Ca transient 21 21 is the sum of Ca influx and SR Ca release [11] . In the 2 .2. Feline cell isolation 21 steady state, the decay of the Ca transient occurs as 21 Ca is transported back into the SR by SERCA and the Myocytes were isolated from normal feline hearts (n59) 21 amount of Ca that enters during the AP is transported as described in detail previously [21, 22] . The care of the from the cell via forward mode NCX [12, 13] . The relative animals used in this study as well as the anesthesia were 21 21 contribution of Ca influx and SR Ca release to the carried out in accordance with the Guide for the Care and 21 Ca transient varies in different species [14] [15] [16] and Use of Laboratory Animals published by the US National these differences appear to be dependent on AP duration
Institutes of Health (NIH Publication No. 85-23, revised and the activity of SERCA and NCX. In most normal 1996). 21 cardiac myocytes there is thought to be very little Ca influx via reverse mode NCX and this is thought to occur during the upstroke of the AP [14] . NCX appears to be increased in the failing human heart. experiments, cells were loaded with fluo-3 AM (15 mg / ml 21 Since the NCX is the principal Ca efflux mechanism in for 10 min at room temperature). Borosilicate glass pipetcardiac myocytes [13] it has been suggested that it makes a tes (3-5 mV) used for whole cell patch clamp experiments 21 larger than normal contribution to the decay of the Ca were filled with a solution containing (in mM): 29, 30] . described in detail previously [16, 25] . To vary the AP 21 Reverse mode (Ca entry) NCX is promoted by duration, small depolarizing currents (,5 nA) were in- 21 1 depolarization, low intracellular [Ca ] and high [Na ] jected through the patch electrode for one beat. This i i [8, 31] , all of which are features of the failing human caused the resting potential to depolarize from 27161 to ventricular myocyte. The hypothesis of this study is that 6961 mV in failing and from 7161 to 6961 mV in 21 21 Ca influx via the NCX during late portions of the AP nonfailing myocytes. Contraction and Ca transients plateau in failing human myocytes with poor SR function (fluo-3 AM) were measured as described in detail previ- 21 slows the decay of the Ca transient and prolongs ously [21, 32] . 21 contractile duration. Our results suggest that Ca can The duration of depolarization was also changed using enter both normal and failing human myocytes during the voltage clamp (VC) techniques that have been described late portions of the AP plateau via the NCX. In normal previously [29, 32] (Table   21 test step). The experimental design was a two-factor 1) in failing versus nonfailing human myocytes. The Ca (group and test period) design with repeated measures on transient during the prolonged AP was significantly protest period. The null hypothesis was that there was no longed compared to steady state only in the failing difference in the dependent variables among the different myocytes (7596142 vs. 615688 ms in the steady state; groups and periods. The data for the dependent variables P,0.05). However, the first beat after the prolonged AP were significantly non-normal. In order to apply ANOVA was significantly potentiated (increased contractile ammethods, a 'normalized-rank' transformation was applied plitude versus steady state contraction) only in the nonfailto the data. The rank-transformed data were analyzed using ing myocytes ( Fig. 1 , Table 1 ). a mixed-model ANOVA for repeated measures followed by
.3. Physiological experiments
The current injection technique used to prolong the multiple comparisons to detect significant individual mean duration of the AP also caused depolarization of the resting differences between groups and periods. Multiple pair-wise potential and changed the membrane potential during the comparisons used the Bonferroni adjustment to maintain AP plateau. Therefore, to verify that the changes in the 21 an experiment-wise type I error of 0.05 or less. Differences Ca transients and contractions we observed were pribetween group means (rejection of the null hypothesis) marily caused by prolongation in the AP duration, we also were considered significant if the probability of chance used square wave voltage clamp (VC) steps to change occurrence was #0.05 using two-tailed tests.
depolarization duration in the same myocytes. In these experiments (n55), prolongation of a single VC test step after steady state stimulation caused effects on contraction 3 . Results that were almost identical to those in current clamp experiments ( Fig. 2A) . Steady state shortening magnitude at 0.5 Hz was sigNext we tested the idea that potentiation of contraction nificantly smaller in failing versus nonfailing human by AP prolongation requires normal SR function. Reduc-21 myocytes (3.660.7 vs. 4.661.1 mm). Fractional shortening ing SR Ca reuptake with CPA in nonfailing human was even more depressed because the diastolic cell length myocytes reduced the steady state contraction amplitude of failing myocytes was greater than nonfailing myocytes and abolished the potentiation of the contraction of the first (148610 vs. 134613 mm). In the steady state, the duration beat after AP prolongation ( Fig. 2A,C) . Identical experi- 21 of contractions and Ca transients (time to 50% recovery; ments were carried out in normal feline myocytes. As in T50%) were significantly prolonged in failing versus nonfailing human myocytes, prolongation of the AP Contraction T 50%, time to 50% of relengthening; APD 50%, time to 50% repolarization of AP; Ca T 50%, time to 50% decay of Ca transient. caused potentiation of the next contraction and this potenused to cause smaller Ca currents and larger amounts of 21 tiation was reduced by CPA (Fig. 2B,C) . Ca influx via NCX. The contraction caused by the first 21 We next examined the roles of Ca influx via the post test step was potentiated when depolarized to 130 mV 21 L-type Ca current versus reverse mode NCX in the but not to 110 mV (Fig. 3) . To further investigate this potentiation of contractility caused by AP prolongation.
issue, myocytes were exposed to NIF to reduce the L-type 21 Test steps from 270 to 110 mV were used to maximally Ca current. NIF reduced the magnitude of steady state 21 activate the L-type Ca channels. Steps to 130 mV were contraction and shortened the AP duration (Fig. 4A ), but the relative potentiation of the contraction after the provoltage clamp step and also reduced the potentiation of the longed test step was similar to that observed under control next contraction (Fig. 5A,B) . The average effects in conditions. However, since the AP was significantly normal feline myocytes are summarized in Fig. 5C . Due to shorter in duration after NIF we repeated these experithe small number of available nonfailing human myocytes ments using voltage clamp techniques, in the same cells.
we were only able to test the effects of KB-R on failing Again, NIF led to a significant reduction of the steady state human myocytes. In these experiments, KB-R eliminated contraction and the potentiation of the post test step beat the second component of contraction associated with was maintained (Fig. 4B) .
prolonged AP duration and abolished the modest potentia- 21 To study the idea that Ca influx via reverse mode tion of the first beat after the prolonged AP (Fig. 5B) . 21 NCX during the prolonged test steps contributes to the If Ca entry via the NCX during the AP plateau is 21 21 slow decay of contraction and Ca transients in failing involved in the regulation of contraction and in SR Ca 21 myocytes and is the source of Ca that loads the SR and loading, then the effects we observed with prolongation of 1 potentiates the subsequent beat in normal myocytes, we AP duration should be sensitive to [Na ] . Therefore, we i 1 exposed myocytes to KB-R to block reverse mode NCX tested the effects of dialysis with 0 or 20 mM Na on 21 [33]. KB-R reduced the size of the typical second comcontraction and Ca transients in failing human myocytes ponent of the contraction associated with the prolonged (n58). Representative data are shown in Fig. 6 Ca transients than failing myocytes dialysed with 0 mM potentiates the contractility of the next beat in nonfailing 1 [Na ] . It is noteworthy that there was a significant myocytes. The SERCA2a antagonist CPA made the effects pip 21 increase in intracellular Ca and contraction (1864%) of AP prolongation on normal myocytes similar to those but not in cells dialyzed with 0 mM [Na ] These KB-R reduced steady state contractions and significantly pip. 1 experiments show that intracellular [Na ] influences AP reduced the effects of AP prolongation on contractility. 21 1 wave shape and the size and duration of Ca transients Increasing intracellular Na in failing human myocytes and contractions. These results suggest that sodium-depenincreased basal contractility and was associated with APD-21 dent Ca influx during the plateau phase of the AP induced potentiation of contraction. Prolongation of depo- 21 21 directly contribute to Ca transients and contraction in larization duration under conditions that reduce Ca failing human ventricular myocytes.
influx via reverse mode NCX activity (KB-R, 0 mM [32, 37] studies suggest that influx during the AP plateau is not fully transported into the abundance and activity of the NCX are increased in the the SR and directly contributes to contraction. These data failing human heart. The NCX is the sarcolemmal protein 21 suggest that contraction of failing human myocytes is more that is primarily responsible for Ca efflux in the heart 21 21 reliant on transsarcolemmal Ca influx during the AP and which mainly adjusts intracellular Ca levels by 21 plateau on a beat-to-beat basis than in nonfailing removing Ca from the cytosol during diastole [13] . It myocytes.
has been suggested that an increase in forward mode NCX activity partially compensates for the reduced SR function in heart failure (for review see Refs. [5, 6, 38] [42] ). that in addition to Ca entry via the L-type Ca channel, 21 Our results suggest that this process occurs in both normal Ca can enter the myocyte during the late portion of the and failing myocytes when the AP plateau is sufficiently action potential via reverse mode NCX. This idea is 21 long. While the L-type Ca channel inactivates via a controversial [31] but is supported by recent studies in 21 [Ca ]-dependent mechanism [39] , in myocytes with long failing human myocytes [23, 30] . In a human myocyte under current clamp conditions KB-R shortened the AP duration. The potentiation of contraction, which is present to a smaller extent in some failing myocytes (see mean data in Fig. 1B ) following the prolonged AP was abolished. (C) Mean data (AP experiments) of changes in contraction in feline myocytes before (control) and after exposure to nifedipine or KB-R 7943 at steady state (SS), the prolonged beat (test step) and the first beat after the prolonged beat. The potentiation (% of steady state) of the contraction was [ maintained when cells were exposed to the NIF and was eliminated by KB-R. *P,0.05 versus steady state (within group), P,0.05 versus control. The direction of Ca transport by the electrogenic (early systole), and low [Na ] . Reverse mode NCX (Ca i NCX is determined by the membrane potential, the subsarinflux) is promoted by positive membrane potentials by guest on April 29, 2016 Downloaded from
